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FOREWORD

This program was initiated under Project 7353, "Characteri-

zation of Solid Phase and Interphase Phenomena in Crystalline

Substances", and Task No. 735302, "Correlation of Phyiical and

Mechanical Properties of Metals and Ceramics", during the

period April 1969 through September 3970.

This researc:i was done in the Advanced Metallurgical

Studies Branch of the Metals and Ceramics Division, Air

Force Materials Laboratory, Wright-Patterson Air Force

Base, Ohio 45433. The principal investigators were Dr.

C.M. Chen of Ohio State University and Dr. H.B. Kirkpatrick

(AFML/LLS); the coauthor was Dr. H.L. Gegel (AFML/LLS).

This report was submitted by the authers in April 1971.

This technical report has been reviewed and is

approved.

C. T. LV (CH
ChieRf, Advanced Metallurgical
Studies Branch

Metals and Ceramics Division
Air Force Materials Laboratory
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ABSTRACT

Results are given of a systematic survey of the stress-

corrosion cracking behavior of titanium and certain of its

alloys in such environments as pure organic liquids, organic

liquid-bromine mixtures, methanol-water-acid mixtures, methanol

vapor, and liquid mercury. St"ass-corrosion behavior is

measured by time-to-failure under static tensile load and by

reduction in ul" mate elongation under dynamic tension. The

effects are described of such variables as water concentration,

bromine concentration, applied electrical potentialr and

strain rate. Depending on the circumstances, mechanical failure

appears to be associated with different processes or

mechanisms such as anodic dissolution at grain boundaries,

hydrogen embrittlement, corrosive reactions between titanium

and bromine or methanol, catalytic dehydrogenation of

methanol, or stress sorption.
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SECTION I

INTRODUCT ION

Since Fontana (Reference 1) reported in 1956 on the

intergranular cracking of Ti-SAI-2 1/2 Sn alloy in 10%

hydrochloric acid, and Brown (Reference 2) showed in 1966

that Ti-8AI-IMo-lV failed readily in 3 1/2% sodium chloride

solution, there have been many studies of various aspects
of the stress corrosion behavior of titanium (References

3 through 6) and its alloys (References 7 through 12).

The failure of a titanium alloy pressure vessel upon being

pressurized with methyl alcohol in 1966, led to a surge of

investigations of the stress corrosion cracking of titanium

alloys by alcohols, halogenated hydrocarbons, and other

organic liquids (References 13 through 23).

While both practical and academic concern with the

problem of "alcohol cracking" seem to have declined consid-

erably since the discovery that it could be inhibited by the

presence of water, water-halogen-ozganic liquid systems

continue to be interesting for purposes of mechanism investi-

I gation. By suitable choice of organic liquid, variation of

water and halogen concentrations, and application of potentio-

static techniques, insight may be gained as to the roles

played in the failure process by such effects as anodic

dissolution, cathodic embrittlement, halogen or halide-ion

attack, metal-organic reactions, and stress-sorption cracking.
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This report describes some results obtained in a

systematic survey of the cracking behavior of titanium

alloys in organic-halogen-water mixtures, as affected

by variations in solution composition and electrical

potential.

2



SECTION II

EXPERIMENTAL PROCEDURES

Smooth Tensile and bend specimens of the dimensions

given in Figure la were prepared from rolled Ti-6AI-4V

and £i-8AlW-]o-li sheet material. In the case of ý-III

alloy and unalloyed titanium, the U-bend specimens had

thicknesses of 0.13 mm and 0.64 mm respectively, rather

than 0.26 mm. Tensile specimens were placed in the test

cell illustrated in Figure lb and were strained during

testing with an Instron machine at strain rates ranging

from 0.005 to 0.5 cm/min (0.36-36%/min). Bend specimens

were restrained in short lengths of glass tubing as is

shown in Figure Ic. Cylindrical platinum counter electrodes

surrounded the specimens and Luggin probes were placed in

the cell as in Figures lb and c. A zoom stereo microscope

was used in conjunction with a closed circuit TV camera

to observe crack propagation in the bend specimens.

3



SECTION III

RESULTS

1. METHANOL-WATER-HYDROCHLORIC ACID MIXTURES AT THE
CORROSION POTENTIAL

While the inhibiting effect of water on alcohol cracking

has been reported a number of times (References 4 and 20),

the results of varying the water concentration were also

studied in this survey to compare the effects of such vari-

ation on (1) the failure time of U-bend specimens; (2) the

ultimate elongation of tensile specimens; (3) the corrosion

potential; and (4) the polarization behavior.

- Figure 2a shows the effect of water content in X w/o

CH3OH-0.17 w/o HCI-Y w/o H120 mixtures upon time to failure

of U-bend specimens of Ti-6A1-4V alloy. Similarly, Figure 2b

shows the effect of water content upon the ultimate elongation

of un-notched dynamically strained tensile specimens of the

same alloy (as-received condition). (In these figures, zero

water content refers to reagent gi-~de absolute methanol having

a water content of about 0.05%, which is taken into account.

Fracture behavior in this absolute methanol was not signifi-

cantly different from that in air.) In both cases, water

concentrations in the range 0.3 to 0.6% had the maximum

effect, i.e., minimum times to failure and minimum elongation

at fracture. Outside this range the fracture behavior
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changed rapidly to that characteristic of air or pure solvent.

The effect of increasing water concentration has been

attributed to the formation of passive oxide films which inter-

fere with crack initiation or propagation (References 4 and 20).

Figure 3 shows the effect of water concentration in the

CH3 OH-0.17% HCl-H 2 0 mixtures upon the open circuit corrosion

potential (SHE) of 6-4 alloy. It can be seen that in the

region of greatest stress corrosion cracking (SCC) suscepti-

bility, i.e., 0.2 to 0.6%, the corrosion potential tends to

shift in the anodic direction as the water content is increased.

Above 0.6% the potential becomes more or less independent of

the water content.

rigure 4 illustrates the variation of corrosion potential

with elongation of the 6-4 specimen, under tensile loading

at 0.005 cm/min (0.36%/min), in solutions having different

water contents. Potentials are observed to be altered by

strain in the anodic direction at water contents of 0.8%

and lower, and in the cathodic direction at higher values.

Figures 5 a and b show the effects of straining, at

different strain rates, on the corrosion potentials in

solutions having water contents of 0.28% and 0.99%, respec-

tively. In the 0.99% solution, the strain rate has little

effect on the behavior of the corrosion potential; in the

5



0.28% solution, increasing the strain rate increases the

cathodic shift of the potential with strain, and also increases

the ultimate elongation to values typical of those in air.

Sedricks and coworkers (References 4.5,21 and 22) have

discussed the effects of water on the SCC behavior of titanium

in methanol-bromine and methanol-iodine solutions, the inhib-

iting effect being attributed to the formation of passive,

protective films at sufficiently high water concentrations.

Also Haney (References 20 and 24) in the case of Ti-13V-

llCr-3A1 alloy in CH3 OH-NaCl-H 2 0 solutions, has reported

susceptibility to be at a maximum just before the onset

of passivity. The present results may be rationalized, at

least partially, by similar considerations. Thus the metal

surface can be thought of as covered by a protective oxide

film containing defective portions which act as sites of

anodic dissolution and crack formation. The remaining

oxide-covered surface acts as a cathode. The defective parts

may be preexisting in the air formed oxide film, or created

during strain of the specimen. It would appear that in the

presence of water such defects become repaired or passivated.

As the water concentration is increased from about 0.25%, the

number of anodic defective sites and the anodic current are

reduced, and so the corrosion potential shifts in the anodic

direction, as seen in Figure 3. At water concentrations

6



above a rather critical value of about 0.8%, the repair or

passivation is complete, cracking is inhibited, and the

potential becomes independent of water content, again as

in Figure 3. On this model it would be anticipated that

upon straining the specimen, the anodic current should be

increased, due to the creation of defects in the oxide

film or to the exposure of fresh metal surface, and thc

corrosion potential should shift in the cathodic direction.

As can ,ae seen in Figures 4 and 5, such a cathodic shift

is in fact observed when the water content is above about

0.8% and/or the strain rate greater than 0.1 cm/min.

Below these values the corrosion potential shift is in the

anodic direction, which is difficult to interpret except

perhaps on the basis that the combination of dynamic strain

and incompletely passivated surface introduces a new anodic

reaction of higher EMF.

Upon examination of the data on time to failure as a

function of water content in C113 011-0.17%HCI-112 0 solutions,

there appears to be a surprisingly well defined relationship

between the magnitude of a failure time and the range of scat-

ter in its values. This is illustrated in Figure 6, which is

a log-log plot of average failure time at different water

contents against the corresponding half-range of scatter.

The same linear relationship appears to hold for unalloyed

7
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titanium, Ti-6AI-4V, Ti-8Al-lMo-!V, and 0-3 alloy. Whether

the relationship has any fundamental significance remains to

be seen. However it does imply that under conditions of

moderate to low SCC susceptibility, cracking behavior becomes

extremely unpredictable.

2. METHANOL-WATER-H1YDROCHLORIC ACID MIXTURES UNDER ANODIC
OR CATHODIC POLARIZATION

Figure 7 shows the effect of applied anodic and cathodic

potentials on the stress corrosion failure times of Ti-6AI-4V

U-bend specimens in CH3 OH-0.17%HCl-0.99% H2 0 solutions. Some-

what similar measurements have been reported elsewhere

(References 5 and A12), but the present results are included

here for purposes of comparison and completeness of presen-

tation. Note that while this water concentration of 0.99%

would normally prevent cracking, the application of anodic

potentials above about 200 mV (SHE) leads to rapid failure.

In the potential range from about +200 to -200 mV, the alloy

apparently becomes insusceptible to SCC, with susceptibility

returning at higher cathodic potentials, around -600 mV.

j Figure 8 gives the anodic and cathodic polarization

curves for 6-4 alloy in methanol-0.17% hydrochloric acid-

water mixtures, having various water contents. It can be

seen that the effect of the water is enormously greater on

the anodic current than on the cathodic. Thus the inhibiting

8



effect of water on the SCC is apparently associated with the

great reduction in anodic current. Similar results have been

reported by Sedricks, et al., for unalloyed titanium and Ti-Al

alloys (Reference 4), by Levy and Seitz for Ti-8A1-lMo-lV

(Reference 12) and by Iianevj, et al. (Reference 24), although

generally at much higher water contents.

Under anodic polarization, crack formation takes place

S..by a pitting mechanism. In the case of Ti 6-4 U-bend speci-

mens in C113 OH-0.17%-HCl-l%hI2 0 water, pits are observed

to form at potentials of about +300 mV (SHE), or higher, the

number of pits increasing rapidly with potential. Under

microscopic observation, cracks are seen to originate at

the pits and grow laterally perpendicular to the direction

of tensile stress. (See Figure 9.) Fontana, et al. (Ref-

erence 25) have reported that in the case of 6-4 alloy in

CH3 OH-112 0-NaCl solutions, the pits originate by selective

atta'k of a grains and along the a-$ interface. Fontana

(Reference 25) has reported observing, by light microscopy,

black corrosion product in the pits, and the present authors

have also observed such material both in the pits and on

the fracture surfaces, as shown in Figure 10. The corrosion

product was identified by electron diffraction as TiCl 3

(Figure 10).

The effects of anodic and cathodic polar.ization on the

ultimate elongation of dynamically strained tensile specimens

9



of Ti 6-4 are illustrated in Figure 11, for various water

concentrations. It can be seen that at any particular water

content, there is a fairly definite potential associated

with the transition from insusceptible to susceptible, or

embrittled, behavior. (The average elongation at fracture in

air was about 7%.) As the water content is increased, the

transition potential becomes increasingly anodic. In Figure

12, this transition potential is plotted as a function of

water concentration for comparison with the corrosion

potential (shaded area). At about 0.6 to 0.7% water, the

corrosion potential becomes less than the potential necessary

to produce embrittlement.

The effect of strain rate on ultimate elongation, under

anodic (+350 mV SHE) and slightly cathodic (+50 mV SHE) polar-

ization relative to the corrosion potential at 0.42%H20, is

illustrated in Figures 13a and b. At this level of cathodic

polarization, the allc is not embrittled and susceptible to

SCC and the normal elongations typical of fracture in air

were observed at all the strain rates employed. With anodic

polarization and embrittlement, the ultimate elongation is

very sensitive to the strain rate, increasing rapidly with

rate in the range 0.005 to 0.020 cm/min. Above about 0.050

cm/min, the normal fracture process apparently becomes

faster than the stress corrosion cracking, and elongations

10
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only slightly less than that in air are observed, more

or less independent of strain rate.

As has been stated by other workers (References 4, 12,

and 20) it is concluded that, when the water content of the

methanol is in the range of about 0.015 to 0.8%, stress

corrosion cracking of commercial Ti-6AI-4V alloy takes place

by an electrochemical anodic dissolution process, under

conditions of anodic polarization or at the corrosion

potential.

Crack initiation appears to occur at relatively anodic

defect sites in the metal surface or suface oxide film, on

$-grains and a-$ interfaces. High cathodic polarization

will also produce stress corrosion failure, but presumably

by a different mechanism, perhaps hydrogen embrittlement.

3. FAILURE OF UALLOYED (RMI-70) TITANIUM AND OF SEVERAL

ALLOYS IN "NONAQUEOUS" MEDIA

In addition to the above described work in the CH3 OH-

HCl-H 2 0 system, a number of failure time measurements of U-

bend specimens were made in "pure" (as received) solvents

and solvents + bromine, to note the SCC behavior in the

relative absence of water, and effects due to reactions with

4 solvent or the bromine. These results are shown in Table I.

Ii al
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TAI3LL I

FAILURE TIMES OF U-BEND SPECIMENS OF AS-REXCLIVJ.D TITANIUM4 ALLOYS III VARIOUS M4EDIA

MATERI2U~

RMI-70 -4.S5Sn (heat-
SOLUTrION Ti-8.Al-lMo-!.V Ti-6A1-4V (Unalloyad Ti) (S-III) treated)

Diethyl Ether T=1 _l T~l T-l
N.F.=300h N.F.=3O0h N.F.w300Ii 11.F.=300h

Diethvý. Ether T=6 T__1 _l T=l r
+0.5% By2  F=104m,9m,5m F=20h N.F.=30Oh F=96h

120m,12m,llm

Benzene T-1 T~l T=l T~l
N.F.=300h N.F.-300h N.F.=300h N.F.=300h

Benzene + T=2 T1l T1l T~l
0.5% By2  F=65m,lO0rn N.Fý=300h N.F.=300h N.F.*3100h.

Carbon T=3 T=3 T=3 T-
Tetrachloride N.F.=30~ N.F.=30d. N.P.-30d. t:.r.-3Od

Carbon T=10 T=2 T-'2 T=2 Tw=3
Tetrachloride + F=3h,l0h,20h N.F.=3oah N.P.=300h N.F.=300h F-1.5h,
0.5% By2  23h,30d 2h,3h

N.F.=5;30d

Methanol T=8 T=8 T=4 T--6
F-1.5h,3h N.F.=300h N.F.=300h F=44h,60h
10lh,20d,20d N.F.=4;200h
N.F.%13;30d

m~ethanol + T-4 T=4 T=2T=
CaO F=2h,llh,elh 7-144hi,50h N.F.=300h F=4Oh,78h,30h

N.F.=l;300h l70h,40h 58h,20h,55h

Methanol T=4 T-3 T-n3 T-4 T-3
Vapor (4CaO) F~llh,80h,125h F-63h,164h F-l5h,39h,39h

N.F.-1;300h Fl14Oh,l64h N.P.l1;30Oh F-39h,60h
200h N.F.=l;300h 290h

NOTE: Tensile stress direction nerpendicular to rollinq direction.

T total number of specimens tested
F =observed, times of failure

N.F.- number not failed after stated time
m -minutes
h -hours
d adays 12



The following is a summary of the results shown in

the Table.

a. Methanol, Liquid, Absolute, As Received

The as-received methanol contains about 0.015% water.

In this medium failures were observed in the 8-1-1 and $-III

alloys after periods of a few hours to several days. The

6-4 alloy and the unalloyed RMI-70 titanium had no failures

after 3C-0 hours. It may bG seen from Figure 14 that for

the 6-4 alloy, the stress-strain curve in methanol is about

the same as in air, having a slightly higher slope and a

slightly lowered ultimate elongation. Gegel, Kirkpatrick,

and Swinning (Reference 11) and Gegel and Fujishiro (Reference

26) have reported that when 6-4 was fractured in methanol,

TiH2 was detected on the fracture surfaces by electron

diffraction. Whether such hydride formation is causally

related to SCC, has yet to be established.

b. Absolute Methanol + CaO Desiccant
Additional measurements were made with methanol containing

CaO to lower the water content still further. Under this

condition, failures were observed in all the alloys, but

not in the unalloyed titanium after 300 hours.

c. Methanol Vapor

Specimens (U-bend) were exposed to methanol vapor by

being placed in a desiccator along side a beaker containing

liquid CH3OH over CaO. There was also CaO in the desiccant

313



chamber. Specimen failure occurred in the majority of

cases for all three alloys and for the unalloyed metal, and

it is interesting that methanol vapor is th3 only "nonaqueous"

medium in which all the metals tested were susceptible.

Moreover, generally speaking, the susceptibility to cracking

appears to bo considerably greater in the vapor than in the

as-received liquid absolute alcohol. Except for the -inalloyed

titanium, the vapor susceptibility is comparable to that in

the liquid dried with CaO. Ambrose and Kruger (Reference 23)

have reported similar results in the case of unalloyed

titanium and Ti-8A1-lMo-lV and have also reported the

detection of formaldehyde in the reaction vessel. On this

basis they discussed the possible connection of the stress

corrosion cracking with the catalytic dehydrogenation of

methanol on the metal surface, according to the reaction.

CH3 OH = HCHO + H2  (i)

Since the reaction produces hydrogen, it is tempting to regard

the cracking as resulting from hydrogen embrittlement, but

on the basis of their results Ambrose and Kruger advance several

arguments against this. Reaction 1 is not the only one

capable of producing hydrogen. Gegel, Kirkpatrick, and

Swinning (Reference 11) suggested that titanium might react

with anhydrous methanol to form hydrogen and titanium methoxide:

Ti + 4CH3OH = Ti(OCH3 ) 4 + 2H 2  (2)

14
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Subsequently, Leith, Hightower, and Iarkins (Reference 27)

demonstrated the occurrence of such a reaction between

anhydrous methanol vapor and vacuum-deposited films of

titanium, in the temperature range 120 to 150 0 C. The

addition of water vapor inhibited the reaction and the addition

of hydrogen chloride gas greatly increased the rate of

disappearance of the metal film, even at room temperature.

The similarity of these effects of water and hydrogen

chloride to their effects in the aqueous alcohol solutions,

plus the fact that Reaction 2 is a "corrosion" reaction

involving consumption of the metal, would seem to favor

Reaction 2 as the one involved in cracking by the methanol

vapor, rather than the catalytic Reaction 1. On the other

hand, given the formaldehyde formation reported by Ambrose

and Kruger, it would seem that that Reaction 1 actually

occurred under their conditions, i.e., U-bend specimens

highly strained, probably past the yield point. A dehydro-

genation reaction similar to Reaction 1 occurs with ethanol

in the presence of nickel or copper catalysts, forming

acetaldehyde:

Ni orC2 H5 OH :zt--o) CH3 CHO + H2 t (3)

Kishimoto (Reference 28) and Uhara, et al. (Reference 29),

have shown that the active sitas of the catalysis in this

reaction are lattice defects, i.e., vacancies or termination

points of dislocation lines at the metal surface. Thus, if

-• 15



the U-bend specimens of Ambrose and Kruger were more highly

strained than the films of Leith, Hightower, and Harkins,

as seems likely, Reaction 1 might h~ve been favored over

Reaction 2. Heterogeneous catalysis processes are known to

be sensitive to crystallographic orientation and it may be

significant that when beat-treated $-III alloy was exposed

to methanol vapor, the trarsgranular cracks appeared to lie

along {001) planes, as shown in Figure 15.

d. "Pure" Solvents

U-bend specimens were exposed to as-received reagent

grade benzene, diethyl ether, and carbon tetrachloride. No

failures were observed in these environments after 300 hours

in the case of benzene and ether, and after 30 days in

carbon tetrachloride. However carbon tetrachloride has been

reported to accelerate crack growth in notched precracked

specimens of Ti-8A1-lMo-IV (References 30 and 31).

e. Methanol-Carbon Tetrachloride Mixtures

Aluminum alloys containing copper or zinc have been

reported to be severely corroded by mixtures of carbon tetra-

chloride and methanol, more rapidly than by the individual

constituents (References 32 and 33). To see if there was a

similar effect in the stress corrosion of titanium, specimens

of unalloyed RMI-70 titanium were exposed to mixtures of as-

received solvents in the range 10 to 30% by volume CC 4 . In

these mixtures, failures occurred after 100 to 200 hours

whereas there were no failures after 300 hours in methanol and

16

4,



after 30 days in carbon tetrachloride. Thus there did

appear to be some increase of susceptibility. In this case

the failures were presumably associated with the reactions:

CCI 4 + CH 3OH = CHCI 3 + 1ICHO + HCI (4)

and

F CHCl 3 + CHO3 H = CH2 Cl 2 + HCHO + HCI.

f. Solvents Containing 1/2% Bromine

r To examine nonaqueous corrosion and the effects of type

of solvent on SCC susceptibility, failure time tests were

carried out in as-received benzene, ethyl ether, and carbon

tetrachloride containing 1/2% dissolved bromine. Results

are shown in Table I. In the carbon tetrachloride solution,

failures occurred only with part of the 8-1-1 specimens and

with heat-treated B-III alloy. In the benzene solution, 8-1-1

specimens failed fairly rapidly but there were no failures

of the other alloys or the unalloyed titanium. In the ether-

bromine solution there was a slow failure of as-received

$-III and rapid failure of 8-1-1. In the case of the 8-1-1

alloy there was noticed a reduction in time to failure as

successive specimens were tested in the same ther-bromine

solution. Thus in Table I, the first specimen failed in

104 minutes. After the solution had stood overnight, succeeding

specimens failed in 9 and then 5 minutes. Upon repeating the

test, after the first specimen had failed at 120 minutes, a

ne', specimen was put in immediately and failed in 12 minutes,

17



and the next, in 11. This shortening Df failure time thus seems

to be due to accumulation of some reaction product in the

solution, rather than an aging effect observed by Cocks,

et al., in methanol-bromine solutions and attributed to a

photochemical reaction between bromine and methanol vapor

(Reference 34).

g. Methanol-Bromine Solutions

Failure times in methanol-bromine solutions, as a function

of bromine concentration, are shown in Figure 16a for Ti-8AI-

lMo-lV and in Figure 16b for 0-1II alloy heat-treated to

produce all a-phase. Note that bromine concentrations as

low as 5x10- 5 % (by volume) still produce rapid failures. Also

the curve for 8-1-1 shows a minimum at 0.05 to 0.5%. The

Ti-6AI-4V and unalloyed titanium show similar tendencies

except that failure times are longer and the minima are not

conspicuous. The minimum is presumably due to increased

general corrosion and crack blunting at higher bromine con-

centrations. For purposes of comparison, weight loss measure-

ments of Ti 8-1-1 as a function of time were made in the

bromine solutions, the results being shown in Figure 17. It

is interesting that in the 5x!0- 5% solution, a weight loss

on the order of a microgram or less per cm2 of specimen

surface could still cause failure in about five minutes.

In the case of the 8-1-1 alloy, some observations were

made of the effect of the relative orientation of the tensile

18
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and rolling directions on crack behavior, as illustrated in

Figure 18. When the tensile direction was perpendicular to

the rolling direction, the cracks followed the rolling direc-

tion very closely; when the tensile direction was at 45* to

that of rolling, the cracks deviated from the rolling direc-

tion by about 15 to 20'; and when the tensile direction was

parallel to the rolling direction, the cracks were oriented

both in the rolling direction and at about 15 to 200 to it.

Fager and Spurr (Reference 35) have shown that in the rolled

material the (0001) planes are preferentially oriented normal

to the plate surface and parallel to the rolling direction.

Therefore, orientation of the crack direction at 15 to 200

to that of rolling, means that the crack planes approximately

follow the (1017) or (1018) cleavage planes (References 35

and 36).

la the case of unalloyed titanium in the methanol-bromine

solutions, the "pure" corrosion reaction with no applied stress

is intergranular, as shown in Figure 19. At moderate stress,

both the corrosion and the stress corrosion cracking were

intergranular. However at higher stresses, a small amount of

transgranular cracking was observed.

With 8-III alloy heat-treated to produce all B-phase,

the corrosion with no applied stress was also intergranular,

Figure 20. When stress is applied, the stress corrosion

cracking is mixed inter- and transgranular, being mostly

19
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intergranular when the bromine concentration is 0.5% or greater

(Figure 21). At lower bromine concentrations the stress

corrosion cracking appears to be largely transgranular, as

illustrated in Figures 22 and 23. The stress corrosion

crack-ing of heat-treated 0-III is also mixed inter- and

transgranular in methanol-hydrochloric acid-water mixtures

Z as shown in Figure 24.

4. Cracking of Ti 8A1-lMo-lV and Ti 6A1-4V Alloys bLy
Liquid Mercury

Chen and Kirkpatrick (Reference 37) have reported a very

marked reduction in time-to-failure of Ti 8-1-1 in liquid mercury

by ultrasonic osciallation, and with Ti 6-4 to a somewhat

lesser extent. On the basis of the rapidity of the failure

and the wetting behavior of ther mercury on the fresh fracture

surfaces, they attributed the failure to a stress-sorption

mechanism.
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SECTION IV
Summary

On the basis of the work reported here, in conjunction

with that of others, the stress corrosion failure of

titanium and its alloys appears to be connected with

different chemical or physical processes, depending on the

medium. For the media studied, these processes seem to be

as follows:

a. In methanol-water-halide solutions, at the corrosiun

potential or under anodic polarization, an anodic dissolution

of metal along the grain boundaries, with crack initiation

taking place at defect sites in the protective oxide film or

at corrosion pits caused by chloride ion attack;

b. In methanol-water-halide solutions at high cathodic

polarization, by an unknown mechanism, probably hydrogen

embrittlement;

c. In "pure" methanol, by a mechanism involving either

catalytic dehydrogenation of the methanol at the metal surface,

or by a corrosion reaction between titanium and methanol to

form the methoxide, probably the latter;

d. In methanol-carbon tetrachloride mixtures, by a

mechanism similar to (a);

e. In nonaqueous solvents containing dissolved bromine,

by a "pure" corrosion reaction between the metal and bromine;

and

f. In liquid mercury, by a stress-sorption process.
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(a) External Surface

(b) Fracture Surface

(c) Electron Diffraction Pattern of Corrosion Product (TiCl3)

Figure 10. Corrosion Products on External and Fracture Surfaces
of Ti-6A1-4V Fractured in COfOH + 0.17% HC1 + 1% H20
(Carbon Replica; X2,350) (a? External Surface;
(b) Fracture Surface; (c) Electron Diffraction
Pattern of Corrosion Product (TiC1 3 )
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Figure 15. TPransgranular Stress Corrosion Cracking of Heat-

Treated $-III Alloy in Methanol Vapor
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(a) Tensile Direction Perpendicular to Rolling Direction

(b) Tensile Direction at 450 to Rolling Direction
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Figure 18, Stress Corrosion Cracking of Ti-8AI-IMo-IV
Alloy in CI13011; 0.5% Bromine Solution (X50)
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Figure 21. Stress Corrosion Cracking of Heat-Treated s-III
Alloy in Bromine-Methanol Solution (O.5%Br 2; X50)
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Figure 23. Transgranular Cracking of Highly Stressed $-III
Alloy in Bromine-Methanol Solution (Note
relationship of crack direction to slip lines
caused by plastic deformation.)
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Figure 24. Stress Corrosion Cracking of Heat-Treated $-III
Alloy in CH3 OH + 0.17%ttC1 + 0.28%1120 (X1OO)
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